Abstract
Introduction
The basic aim of this work is the study of the chemical characteristics of groundwater hosted in different hydro-lithological units of Farsala Basin. The existence of thermal groundwaters mainly in deep boreholes of particular areas of the basin was confirmed during the fieldwork. According to the record of water-occurrences, the water temperature measurements and the results of chemi cal analyses, two characteristic areas of different thermal groundwater quality were detected. The geology of the study area presents a variety of lithological types and an intense tectonic activity, which is reflected on several faulted zones. The circulation of meteoric waters in deep stratigraphie horizons and high temperature environments, in which ground thermal liquids are finally hosted, is obviously accomplished through the abovementioned-faulted zones. There is a lack in thermal liq uids surface activities in the study area. This is also observed in Spercheios Basin (located south ern from Farsala Basin), where a great number of thermal springs and regions of intense geothermal activity exist (Sfetsos 1988 , Papadeas 1996 , Gartzos et al. 1996 . Since the local economy is based on agriculture and farming, geothermal waters, if exploited properly, could support several activities such as glass houses, farming, siccative activities and spa establishments. The paper pre sents the geothermal status of the area, describes the chemical character of thermal waters, inter prets their origin, explains the processes taking place within the geothermal system and evaluates the temperature of the geothermal reservoir.
Study Area

Geological Setting
The study area takes part of the East Greece Geotectonic Unit and includes alpine and post-alpine formations (Fig. 1) . The youngest post-alpine formations of the study area are consisted of a) recent Holocene deposits, alluvial sediments and talus cones, which cover the lowland of the basin, b) Neogene formations mainly of fluvio-lacustrine and lacustrine-brakish-marine origin that occupy a large area in the north part of the basin and c) Plio-Pleistocene terrestrial deposits, which are developed at the lower topographic parts of the south and east margins of the basin. The alpine formations form the sub-basement of the sediments in the major part of the basin. They consist of: a) Flysch of Upper Cretaceous age: mainly fine-, mid-grained and in some places coarse grained clayey sandstones, conglomerates and intercalations of marly and sandy limestones. It is located mainly at the east and north margins of the basin overlaying the Cretaceous carbonates (Bornovas et al 1969 , Katsikatsos et al 1983 .
b) Limestones: Upper Cretaceous transgressive limestones mainly mid -plated and in some places thick-and thin-plated, microcrystalline, karstified with marly intercalations, located mainly at the east and west margins of the basin. c) Ophiolites: They consist of serpentinites, dunites and peridotites, underlying by the upper Cretaceous limestones and overthrusting the metamorphic formations of the Triassic-Jurassic platform. They form the Pre-Upper Cretaceous tectonic nappe. The ophiolites consist mainly of volcanic rocks (pillow lavas) in Farsala area and in some cases of ultrabassic intense serpentinised formations. In the broad area of Orthris, pillow lavas present high alkaline concentrations (Na 2 0: 3,4-5,4% και K 2 0: 0,1-1,7%) (Ferrière 1982) . Intense fractured and seprentinised ultrabasic bodies with important chromite concentrations appear in the east part of the basin (Eretria area). The Ophiolite masses overlay the Jurassic Schists (Katsikatsos et al 1983 , Migiros 1990 (Bornovas et al. 1969 , Katsikatsos et al. 1983 ). e) Olistholiths and Olisthostromes: They consist of serpentinites, diabasic-dioritic-grabbro rocks, carbonate and dolomite parts, which have been deposited unconformably on the above-mentioned formations. They form a particular tectonic unit known as "Krini formations" (Katsikatsos et al. 1983) . These formations are restricted northern of Chalkodonion Mounatin and east of Eretria.
The tectonic structure of the study area is characterized by E-W trending faults, which mainly control the basin development and by NNW-SSE trending faults (Fig. 1) .
Hydrogeology
Three different aquifer types occur in the study area, which are related with the various lithological units. An unconfined aquifer of important potentiality is developed in the unconsolidated deposits of the basin and suffers from overexploitation due to the supply of the irrigation needs of the area. The thickness of the unconsolidated deposits ranges from a few meters eastern of the basin to a few ten meters westwards, to more than 200 m in the central and northern parts of the basin, particularly within the tectonic grabens (Mariolakos et al. 2001a (Mariolakos et al. , 2001b . Groundwater flows from the east to the west parts of the basin. The absolute groundwater level reaches 140 m asl in the east part, whereas in the west part is 110 m asl. Generally, due to the overexploitation of the unconfined aquifer, a groundwater level decrease is observed, which is calculated at 3-6 m/a. (Kallergis et al. 1970 , Mariolakos et al. 2001a , 2001b . A karst aquifer of important potentiality is developed within the karstified carbonate formations. The major karst springs of the region, such as Vrisia and Chtouri springs, located west of the Farsala city, are fed from the carbonate formations of Narthakio and Filio Mt in the west part of the basin. The discharge of these springs shows an obvious decrease and falls dry in hot periods. This could be also attributed to the overexploitation of the karst aquifer (Mariolakos et al. 2001a (Mariolakos et al. , 2001b . The carbonate masses developed in the east part of the basin probably feed laterally the unconsolidated formations of the basin. An aquifer of low potentiality is developed in the fractured crystalline formations. The discharge of the deep boreholes in the ultrabasic rocks does not exceed 30 m 3 /h. Within the Neogene sandy and carbonate horizons an aquifer of low potentiality occurs. The discharge of the boreholes, when the formation thickness and structure are favourable, reaches the 20-30 mVh.
Methodology
All boreholes in the study area were recorded during July and August 2005. In a network of 95 equally distributed boreholes in the study area, temperature measurements were taken during their pumping. Samples for chemical analyses were collected from 15 boreholes, according to their temperature and origin region. Physicochemical parameters were measured in situ with the use of portable devices: T°C and EC (WTW/LF-330), pH (WTW/pH-330i) and dissolved oxygen DO (WTW/OXI-96). Titration methods were used for the determination of C0 2 , and H 2 S concentrations. Samples were collected in plastic polyethylene bottles and analysed for Ca 2+ , Mg 2+ , Na + , K + , HCOy, CI", S0 4 2 ", NOV, NH 4 + , P0 4 3 ", I", F", Bri B\ Si0 2 , total and carbon hardness. For the determination of Fe, Μη, Cu, and Zn samples were collected and preserved in the field. They filtered, acidified to pH<2 with upltrapure HNO3 and then collected in 100 ml plastic polyethylene bottles. All chemical analyses were conducted in the laboratory of Mineralogy-Geology Institute at the Agricultural University of Athens. Cations were determined using atomic absorption (GBC-908AA), while anions apart of CI", were measured with spectrophotometer (HACK-DR/3000). For the assessment of total and carbon hardness as well as CI', titration methods were applied: Titriplex-Lösung A, HCl 0,1N and AgN0 3 0,1N respectively (Höll 1979).
Results
Geothermal study
The study area takes part of the broader area of East Sterea, where a heat flow increase is observed, related to the late orogenetic volcanism and the creation of the South Aegean Volcanic Arc (Fytikas et al. 1979) . The late orogenetic volcanic centers of Lichades (North Evoikos Gulf) and Mikrothives (NE Orthis Mt) evidence the northwest end of the Volcanic Arc into the study area. Figure 2 presents the groundwater temperature distribution according to the measurements from a 95-borehole network. The temperature was measured during the pumping of groundwater samples.
Figure 2 -Groundwater temperature distribution in Farsala Basin
The lowest temperatures ranging from 16,5°C to 19,5°C are observed in boreholes in central and west parts of the alluvial basin. These boreholes are located in depths from 45 to 312 m and many of them reach negative levels up to -170 m (below sea level). Thermal waters in boreholes located in depths between 100 and 150 m reveal temperatures from 16,5° C to 18,5° C, while thermal waters of greater depths exhibit temperatures from 18,5°C to 19,5° C. This temperature increase indicates the presence of geothermal activity in deeper aquifers. The groundwater temperature of the region between Krini and Zoodocho Pigi communities (Fig. 1 ) in the northwest part of the study area reaches 26,2° C (borehole B5). The borehole B5 is located in a 350m depth and reaches negative levels up to -130 m (bsl). Temperature increase is also observed along the zone of the north slopes of the basin, which coincides with the fractured zone of the area. The groundwater temperature in the boreholes of this area ranges from 21,2° C to 24,2° C. Thermal groundwaters of 39,1° C temperature are recorded in the region between Dendra and Ampelia communities (Fig. 1) in the central-south part of the study area. The borehole Β13, where the highest temperature value is observed, is located in a depth of 400m and reaches -200 m bsl. According to Thurner (1967) and based on the temperature measurements, thermal waters of the study area are classified as slightly thermal (20 ° -25 ° C), thermal (25 ° -32 ° C) and very thermal (>32 ° C). Thermal waters from Β13 belong to the third type, whereas B3, B5, Bll, Β12 and B15 boreholes belong to the second group. The rest of the boreholes belong to the first type.
Chemistry of thermal waters
Chemical data from all samples of the study area are provided in Table 1 . Thermal groundwaters of Krini and Ampelia areas display differences not only in temperature but also in their chemical character.
In Krini region, the groundwater temperature ranges from 20,5° C to 26,2° C. Thermal waters exhibiting the highest temperature of 26,2° C (borehole B5) in this region, present also the highest conductivity (2170 μ8/αη) and the highest TDS value (1850 mg/1). Electrical conductivity and TDS values of the rest thermal groundwaters vary from 795 to 1146 μ8/αη and from 734 to 979 mg/1 respectively. They present alkaline character (7,3-8,1 pH) and low 0 2 concentration (1,6-5,7 mg/1). The C0 2 concentration ranges from 18 and 32 mg/1, whereas the H 2 S concentration varies between 0,3 and 1,8 mg/1. The Borehole B13 with the highest temperature (39,1° C) of the study area is located in Ampelia region. In the other boreholes of Ampelia region the groundwater temperature ranges between 22,4° C and 28,8 ° C. Thermal groundwaters of Ampelia area are characterized by low TDS values (405-942 mg/1 TDS), low electrical conductivity values (366-1091 μ8/οπι) and high pH values (7,8 and 8,7) . They present low 0 2 concentration (0,2 -5,4 mg/1). The C0 2 concentration ranges from 14 mg/1 to 30 mg/1, whereas the H 2 S concentration varies between 1,2 mg/1 and 5,6 mg/1. The thermal waters (borehole Β16) with the highest temperature of 39,1° C present the lowest TDS value (405 mg/1). In figure 3 is shown thermal waters of Krini and Ampelia region in a Piper diagram. Thermal waters of Krini region present the following hydrochemical types: a) Mg-Na-HC0 3 (B3, B6, B7, B8), b) Na-Mg-Ca-HC0 3 (B2, B4) and c) Na-S0 4 -Cl-HC0 3 (B5). The most thermal waters of Ampelia region present an indeterminate type of Mg-Ca-Na-Cl-HC0 3 (B9, BIO, B12, B14, B15). Thermal waters from Bll and B13 exhibit the types Na-Cl-HC0 3 and Na-HC0 3 . The concentrations of the surface pollutants present a significant decrease in relation to the groundwater concentrations of the above-mentioned boreholes. N0 3 " and NH 4 + concentrations range from 7,5 mg/1 to 12,3 mg/1 and from 0,19 mg/1 to 0,26 mg/1 respectively. In borehole Β12, thermal waters present the highest P0 4 3 " concentration (1,25 mg/1). This group of alkaline thermal waters exhibit also high concentrations of Γ (0,05-0,18 mg/1), F" (0,27-0,69 mg/1) and Br" (0,02-0,10 mg/1). These waters originated from the mixed group of thermal waters infiltrating at great depths hold their HC0 3 " concentration and deposited a great amount of earth-alkaline (Ca 2+ and Mg 2+ ). After that, they were enriched mainly with Na + ions and secondarily with Cfand S0 4 2 " ions. The lithology of the aquifer, the tectonic structure of the greater area and the temperature status contributed to the creation of these waters. The direct participation of seawater in the establishment of the quality character of the solutions is under question despite the observed increase of Na + CI" and S0 4 2 " ions especially in Krini area. The high concentrations of these ions are mainly attributed to the dilution of evaporates of the Neogene formations developed in the area and less to the seawater intrusion. The Neogene deposits of the area are of lacustrine and marine origin and probably contain evaporates (Bornovas et al. 1969) . In Ampelia area, where pillow lavas are dominated, the presence of minerals enriched with CI" ions is also not excluded. These pillow lavas were created in sea environment and the contribution of halogens to the crystal structure of clay-silica minerals is considered to be viable. The presence of S0 2 " 4 ions is related to oxidation of iron-pyrite, which is contained in pillow lavas and dilution of secondary hydrothermal gypsum, which coexist in limited concentrations within volcanic rocks. The Piper diagram in fig. 3 confirms that besides sample from B5 borehole, SO4 2 " concentrations are gradually decreased compared to CI" and HC0 3 " ones. This is a characteristic phenomenon of thermal and seawater mixture. From the Cl/Na correlation diagram ( fig. 4) , it is also shown that all types of waters tend to mix with seawater. Nevertheless, this is not confirmed from the CI/ HC0 3 " relation diagram. The ion ratio Na/Cl>l and especially the ratio CI/Br one, which is the most certain indicator of seawater intrusion (300 seawater indicator) consist a basic parameter supporting the questioning about the seawater intrusion in the hydrothermal reservoir of the area. CI/Br ratio appearing in thermal waters of the area range from 638 to 5316, displaying rather a dilution of evaporates than seawater intrusion. 
Geothermometry
The present temperature status of the geothermal reservoir is not clear. Table 3 presents the estimation values of geothermal reservoir temperatures for those boreholes exhibiting higher temperatures according to Si0 2 and Chalcedony (Fournier 1977) , Na/K (Fournier and Potter 1979) , K/Mg (Giggenbach 1988) and Na/K/Ca (Fournier 1979 ) geothermometers. According to silica geothermometer, the calculated temperatures range from 65° C, for the less hot sample, to 102° C, for the hottest sample. According to Chalcedony geothermometer, the estimated temperatures are much lower from the silica ones, ranging between 33° C and 73° C. K/Mg and Na/K/Ca geothermometers suggest similar temperatures with Chalcedony geothermometer. According to Giggenbach's ( Fig. 5A ) triangle diagram, hot samples from surface waters are classified to the "non-equilibrated" group, meaning that groundwaters do not equilibrate with minerals in the reservoir rock. Therefore, the origin temperature could not be clearly estimated.
However, according to anticipated temperature values from the geothermal reservoir, a rather possible value could be found in the field from 50 ° C to 70° C, which comprises the estimated, values from K/Mg and Si0 2 geothermometers. Thus, the study area can be classified to geothermal fields of low enthalpy. These waters have not been circulated in great depths and mixed with marine water as it can be concluded from the chemical composition of the examined hot waters of the area. The acquisition of temperature of these waters could be attributed to the temperature transmission through induction. Therefore, a geothermal system must probably exist, where the heat source is in greater depth and is covered by impermeable formations. Through these formations, heat can be transmitted towards the surface, where the aquifer that hosts the studied waters is located.
Conclusions
The fractured tectonic in Farsala Basin, combined with the existence of permeable and impermeable formations, create appropriate conditions for the development of an active geothermal system. The geothermal activity observed in the study area is directly connected to the fractured zones of the sub-basement formations. Thermal water temperatures range from 20,5° C to 39,1° C. These waters belong to Na-HC0 3 , Na-HC0 3 -Cl and Na-S0 4 -Cl-HC0 3 hydrochemical types. The relatively shallow aquifer is characterized by high alkaline concentrations compared to earth-alkaline, suggesting that circulation takes place mainly within volcanic formations, i.e. pillow lavas of the ophiolithic series developed in the broader area of Farsala. The chemical composition of the aquifer is related to processes of hydrolysis of clay-silica minerals, which occur within ophiolithic formations, as well as to dilution of evaporates, which obviously coexist within Neogene formations. The thermal liquids mixture originating from deeper aquifers has not been theoretically validated. The presence of S0 2 " 4 ions is related to oxidation of pyrite, dilution of secondary hydrothermal gypsum, which coexists in limited concentrations within volcanic formations and dilution of Neogene evaporate formations. The limited Ca 2+ concentration is obviously related to the precipitation of calcite. The origin of Clions is mainly attributed to the dilution of evaporates and surface influences. According to geothermometric estimations, the possible temperature values of the geothermal reservoir range from 50 to 70° C and therefore the study area is classified to low enthalpy geothermal field.
